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INTRODUCTION
Tea seed meal (TSM) is the residue of the tea seeds after removal of the oils and contains ∼8% (w/w) saponins (Chen et al. 2010) . Saponin molecules can form insoluble complexes with membrane cholesterol resulting in pore formation in red blood cell membranes, cell permeabilization and subsequent loss of hemoglobin to the extracellular medium (Quijano and Lemeshko 2008; Gauthier et al. 2009 ). Due to its high hemolytic effect on animals, TSM was only used as a feed additive to kill unwanted fishes and harmful insects in prawn ponds prior to cultivation apart from inhibiting rumen methanogenesis in cattle (Zhou et al. 2011) .
Moreover, TSM contains 14-20% protein, which means it can be used as animal feed after detoxification (He et al. 1982) . Degradation of antimicrobial compounds is one of the strategies that pathogens use to counter constitutive and induced plant defences (Bouarab et al. 2002) . Certain strains of bacteria and fungi, such as Streptococcus spp., Bacillus spp., Stagonospora avenae and Aspergillus niger, possess saponin-degrading enzymes for producing less toxic saponins with weak cytolytic activity (Garcia-Amado et al. 2007; Wie et al. 2007 ). This suggests that the hemolytic activity (HA) of TSM can be reduced after fermentation by saponin-degrading microbial strains.
Saponins are amphipathic molecules with the hydrophilic sugar moieties and hydrophobic pentacyclic triterpene backbone, and amphipathicity is a critical property for them to replace cholesterol in the cytomembrane (Vo, Fukushima and Muranaka 2017) . HA of tea seed saponins (TSS) depends on the polar groups of aglycones and the number of sugar units involved (Morikawa et al. 2007) . Myose et al. have identified 22 saponins of different structures from the seeds of Camellia sinensis by mass spectrometry (MS) and NMR ( Fig. 1) (Myose, Warashina and Miyase 2012) . Endo-β-glucuronidase (GUS) can hydrolyze hyaluronic acid, chondroitin 4-sulfate, heparin and 1-deoxy-1-(6-thiopurinyl)-β-d-glucopyranosiduronamide (Takagaki et al. 1985; Irimura, Nakajima and Nicolson 1986) . From the structure of TSS, the aglycone and the tetrose are connected by a β1→4 glycosidic bond, which should also be broken by GUS. It means that the HA of TSS may be reduced via the GUS digestion or GUS-producing microbial fermentation by removing the sugar moieties from TSS.
Some studies demonstrated the detoxification of tea seed saponins by fungi such as Aspergillus niger; however, they all overlooked the structure variation of TSS (Ding, Li and Zhong 2012; Lian, Jin and Wang 2013; Qin et al. 2016 ). In the current work, we obtained one L. crustorum strain with high GUS activity from raw bovine milk, and evaluated the effect on HA and the constituents of saponin change in TSM by fermentation with the L. crustorum isolate and Bacillus subtilis natto.
MATERIALS AND METHODS

Materials
TSM, containing about 3% TSS, was provided by Fujian Tiansheng Agricultural Stock Co., Ltd (Fuqing, China). TSS with 98% purity was purchased from Aladdin Co., Ltd (Shanghai, China). Raw bovine milk was provided by Bright Dairy & Food Co., Ltd (Shanghai, China). GUS (G7770), p-nitrophenol, pnitrophenyl-β-d-glucuronide, and 5-bromo-4-chloro-3-indolyl-β-d-glucuronide cyclohexylammonium salt hydrate (X-Gluc) were purchased from Sigma Aldrich (St Louis, MO, USA). De Mann, Rogosa, Sharpe broth (MRS) was purchased from Neogen Corporation (Lansing, MI, USA). The Bacillus subtilis natto strain was obtained previously from natto, a fermented food, in our laboratory (Song et al. 2015) .
Extraction and isolation of TSS
TSS from the fermented and unfermented TSM samples was extracted as described by Kuo et al. with some modifications (Kuo et al. 2010) . Briefly, TSM was extracted with 70% methanol at 80
• C under reflux for 4 h. The methanol extracts were concentrated and dried into powder, and then dissolved in saline to a concentration of 100 μg mL −1 for HA assay. The powder was dissolved with 70% methanol to a concentration of 10 mg mL
and the resulting aqueous solution was extracted successively six times, each with an equal volume of ethyl acetate and nbutanol. The ethyl acetate and n-butanol layers were combined and dried under vacuum at 50
• C, then dissolved in methanol and freeze-dried, respectively, for further analysis.
Digestion of TSS with GUS
TSS with 98% purity was dissolved in 1 mL of saline to produce a series of concentrations (1, 2, 4, 6, 8, 10, 15, 20 and 30 μg mL −1 ) and incubated with 500 μL of 350 U mL −1 GUS at 37
• C for 1 h.
HA of TSS before and after the treatment with GUS was then analyzed (Qi et al. 2011) .
Screening for potent GUS-producing bacteria from raw bovine milk
The raw bovine milk samples (1 mL) were added to sterile MRS broth (20 mL) and cultured under anaerobic conditions at 37
• C for 48 h. Bacterial isolates were grown anaerobically on MRS agar plates supplemented with 10 mg mL −1 calcium carbonate at 37
• C for 48 h. Single colonies surrounded by transparent zones were transferred to MRS agar plates, which were supplemented with 1 mg mL −1 X-Gluc and incubated anaerobically at 37
• C for 48 h. Single blue colonies were then selected for GUS activity assay.
GUS activity assay
The GUS activity assay was modified from Chouiter's method (Chouiter, Roy and Bucke 2008) . In brief, bacterial cells (1 mL) were harvested after anaerobic growth in MRS at 37
• C for 48 h by centrifugation at 16 100 × g for 30 s. The cells were then resuspended with 1 mL PBS buffer and mixed with 400 μL lysis solution (acetone/methylbenzene, 9:1 v/v). After centrifugation at 16 100 × g for 15 min, supernatant aliquots (100 μL) were mixed with 50 μL of 5 mM 4-nitrophenyl-β-d-glucuroside and 50 μL of 50 mM PBS buffer (pH 7.4). The mixtures were incubated at 37
• C for 30 min in the dark. Hydrolysis was terminated by the addition of 100 μL of ice-cold 500 mM sodium carbonate. The absorbance of the liberated p-nitrophenol was measured at 400 nm. A calibration curve was constructed using different concentrations of p-nitrophenol within the detection range. The total protein from the harvested bacteria was extracted and its content was determined using Coomassie R Protein Assay kit (Pierce Biotechnology, Rockford, IL, USA). One enzyme unit was defined as the quantity of enzyme releasing one micromole of p-nitrophenol per minute under the described conditions.
Biochemical and molecular characterization of the isolated bacterial strain
The morphology of the bacterial isolate with the highest GUS activity was characterized with Gram staining and observed under a high-power light microscope (×100 objective lens, 1000-fold magnification). The biochemical characterization of the isolate was performed using API 50CHL microtest systems (bioMérieux, Durham, NC, USA).
Isolates were inoculated into MRS broth and incubated anaerobically at 37
• C for 48 h. The cultures were centrifuged at 16 100 × g for 30 s to separate the supernatant. DNA extraction was carried out using a bacterial genomic DNA extraction kit (BioTeke, Beijing, China) and the genomic DNA was stored at −80
• C prior to analysis.
Two universal 16S ribosomal DNA primers (27f: 5 -AGA GTTTGATCMTG GCTCAG-3 , 1492r: 5 -TACGGHTACCTTGTT ACGACTT-3 ) were used for amplification of a region of the 16S rRNA gene from genomic DNA (Kumar, Singh Cameotra and Gupta 2012) . Polymerase chain reaction (PCR) amplification and DNA sequencing were performed as described by Huang (Huang, Sheng and Zhang 2012) . Classification of the isolated strain was confirmed using the RDP II Classifier (Cole et al. 2009 ).
TSM fermentation with the isolate and Bacillus subtilis natto
As the B. subtilis natto strain can produce cellulase, which would help to improve the fermentation performance of TSM, solidstate fermentation of TSM was performed by the isolated L. crustorum strain and a B. subtilis natto strain. L. crustorum cultured in MRS and B. subtilis natto in Luria-Bertani (LB) broth, at 37
• C until the optical density at 600 nm (OD 600 ) reached 0.8. An ingredient solution was prepared as 15 mg g −1 of glucose and equivalent galactose, along with 20 mg g −1 ammonium sulfate dissolved in PBS buffer (pH 5.0). TSM was ground into a powder prior to being mixed with the above solution. TSM solid fermentation medium were sterilized at 121
• C for 20 min, and then the fermentation was performed under the following conditions: an aerobic fermentation of 25.9 h, following an anaerobic fermentation of 47.1 h, with a solid:liquid ratio of 1:0.52 and 8.7% (v/v) inoculum size. After incubation, the fermented products were dried in an oven at 60
• C. The samples were inoculated and fermented with individual B. subtilis natto, individual L. crustorum with 0.05 g kg −1 cellulase (10 000 U g −1 , Aladdin, Shanghai, China) and 40 mg g −1 of glucose, and bi-strains B. subtilis natto and L. crustorum with varied ratios of 1:1, 2:1 and 3:1, respectively. TSM and the ingredient solution without bacterial inoculum and treated in the same way were used as controls.
Estimation of total saponin content
The vanillin colorimetric method (Edewor, Akpor and Owa 2016) was adopted to estimate the total saponin content. Each sample pretreated with glacial acetic acid was used as control. Samples and controls were performed in triplicate.
HA assay
HA assay was performed as previously described with some modifications (Hassan et al. 2010) . Briefly, 500 μL of 2% chicken erythrocytes was added into each tube and TSS solution of different volumes was added to obtain a final erythrocyte concentration of 1% (v/v) with a TSS concentration gradient ranging from 4 μg mL −1 to 30 μg mL −1 . Tubes were incubated at 37
• C for 60 min and then centrifuged at 16 100 × g for 5 min. The absorbance of the supernatant was measured at 540 nm with a Varioskan plate reader (Thermo, Waltham, MA, USA). The double distilled water and PBS buffer were used as positive and negative controls, respectively. The percentage of HA was calculated using the following formula: HA% = OD 540 of sample − OD 540 of negative control OD 540 of positive control − OD 540 of negative control × 100
The median hemolytic dosage (HD 50 ) was calculated as the TSS concentration that induced 50% of the maximum hemolysis.
Ultra performance liquid chromatography-mass spectrometry
The TSS extract powder was dissolved in 80% aqueous methanol at 1.0 mg mL 
Statistical analysis
All of the values presented in the graphs and tables are shown as the mean ± standard deviation, and were obtained from three independent experiments. The data were statistically analyzed by one-way ANOVA plus post hoc Duncan's multiple-comparison test (SPSS 20.0), P < 0.05 was defined as statistical significance.
RESULTS
The reduction of HA in TSS with GUS treatment
After incubation with GUS, the TSS samples were subject to HA assay. The HD 50 values of undigested and digested TSS were 1.7 μg mL −1 and 8.3 μg mL −1 , respectively (Fig. 2) , indicating that the HA of TSS was significantly decreased by the treatment with GUS (P < 0.05).
Strain screening
In order to obtain high GUS-producing strains, 96 Lactobacilluslike colonies were isolated from calcium carbonate-containing MRS agar plates in the primary screening. Twenty-two blue colonies were formed after the inoculation of all the 96 strains on X-Gluc-containing MRS agar plates. The strain with the highest GUS activity (0.605 ± 0.019 U μg −1 total protein) was stored for identification and fermentation in future. 
Characterization and identification of the isolated strain
Under a high-power light microscope, the isolate was visible as a rod-shaped, non-spore-forming, Gram-positive bacterium. Physiologically, it could grow at a temperature range from 15 to 45
• C and could tolerate a high salt concentration of 6% (w/v).
It grew readily in medium with an acidic pH 4.5, but did not grow at pH 9.6. The isolate was catalase-and oxidase-negative, thereby, the culture was maintained and grown under anaerobic conditions. The result from apiweb database (https://apiweb. biomerieux.com) identified that the strain was L. crustorum with a 99% identification (Table S1 in the online supplementary material). Analysis of the 16S rRNA gene sequence by multiple sequence alignment (BLAST) provided a proof that the isolate shared 99% homology to the 16S rRNA of L. crustorum LMG 23702 (Genbank: AM285451.1). Also, phylogenetic analysis showed that the isolate was close to L. crustorum LMG 23702 in the same branch (Fig. S1 in the online supplementary material) . Based on the results of morphological, physiological and genetic analysis, the isolate was characterized as L. crustorum, which was then collected at China General Microbiological Culture Collection Center with the number CGMCC 6304. 
The reduction of HA in TSS by fermentation
The saponin content
As the results showed in Fig. S2 in the online supplementary material, there were over 20 peaks in each fraction eluted from 0.5 to 12 min. All of the output molecular structures suggested by the m/z value of each peak were submitted for ChemSpider validation and compared with known standard structures, and all saponin fractions are shown in Table S2 in the online supplementary material. The retention times and peak areas of saponins (Table S2 ) of fermented (ratio 1:1) and unfermented TSM were significantly different from each other, and some deuterogenic glucosides were produced during the fermentation process. All the saponin components in the ethyl acetate fraction were aglycones and the relative peak area ratio (R value) of aglycones in fermented and unfermented samples were 21.40% and 17.61%, respectively. However, the butanol fraction was rich in saponin glucoside, in which only one aglycone molecule (C 29 H 44 O 6 ) was detected in the fermented sample, and none in the unfermented sample. The saponin contents in ethyl acetate and n-butanol fractions of unfermented TSS were 0.996 and 2.222 mg, respectively, but those in fermented TSS were 5.353 and 1.001 mg (Fig. 4) . The components before and after fermentation were significantly different (P < 0.05), the saponin glucosides were transformed to aglycones and the percentage of aglycones to all saponins was increased from 30.95 to 84.25%.
DISCUSSION
The HA of triterpenic saponins depends on the complexity of sugar moieties in the chains, as well as the types and stereochemical configurations of functional groups at different positions (Vo, Fukushima and Muranaka 2017) . TSS contain a tetrose composed of glucuronic acid, galactose, arabinose and xylose (Fig. 1) . Duckstein et al. treated steroidal saponins from Helleborus niger L. roots with GUS and found that the native diosgenyl-type furostanol saponins were converted to spirostanols under scission of hexoses (Duckstein, Lorenz and Stintzing 2013 ). In the current study, GUS digestion greatly reduced the HA of TSS, suggesting that the HA of TSM could be reduced by fermentation with bacteria that produce extracellular GUS. It was reported that GUS could be produced by L. plantarum (Ningegowda and Gurudutt 2012) and L. brevis (Sakurama et al. 2014) , therefore Lactobacillus should be a potential resource for GUS-producing strains. Human or animal milks are good resources of Lactobacillus (Cárdenas et al. 2014) ; accordingly, raw bovine milk was chosen for Lactobacillus strain screening.
As Lactobacillus strains grow, they invariably produce lactic acid, which can dissolve calcium carbonate and form transparent zones. X-Gluc used as a chromogenic substrate can be cleaved into the blue 5-bromo-4-chloro-3-indol by GUS (Andlauer, Kolb and Furst 2000) . As a result, 22 GUS-producing strains were isolated using these two indicators, of which L. crustorum was screened with the highest GUS activity (605 U mg −1 total protein). It was much higher than the reported activities of Lactobacillus strains, which were 82 (Beaud, Tailliez and AnbaMondoloni 2005) , 0.495 (Akao 1999 ) and 2.25-4.58 U mg −1 of protein (Mroczyńska and Libudzisz 2010. Besides Lactobacillus strains, β-d-glucuronidase is also produced by most Escherichia coli strains (Rowe et al. 2003) , Flavobacterium spp., Bacteroides spp., Staphylococcus spp., Streptococcus spp., anaerobic corynebacteria and Clostridium (Frampton and Restaino 1993) . However, there has been no report that B. subtilis natto can express GUS to our knowledge. By sequence alignment, we found the β-glucanse gene (CP011051.1) in the complete genome of B. subtilis natto, but no GUS gene.
After the GUS-producing strain was screened and identified, a TSM fermentation system with the L. crustorum isolate and cellulase was adopted, and it was demonstrated that the HA was negatively correlated with cellulase addition when the dosages ranged from 10 to 50 mg kg −1 . Considering economic competition, TSM degradation should be performed at the rural level. Bacillus subtilis can be used as a probiotic feed supplement, and it can produce a high level of cellulase (Sharma and Bajaj 2014) . The cellulose content of TSM was decreased from 54.69 to 45.33% (dry base, w/w) when fermented with B. subtilis for 24 h (data not shown). Therefore, a fermentation system with L. crustorum and B. subtilis natto was designed. A solid-state fermentation process with cellulolytic microbes can degrade cellulose and consequently improve in vitro digestion of feedstuffs (Hu, Liu and Yang 2012) . The mixed strains used were expected to degrade saponin and cellulose for decreasing the HA and improving the fermentation performance of TSM, so that the fermented TSM might be used in animal feed. Meanwhile, the B. subtilis natto might accelerate the growth of L. crustorum by available carbon source and oxygen consumption. Previous studies demonstrated that TSS could be degraded by solid-state fermentation with A. niger (Ding, Li and Zhong 2012; Lian, Jin and Wang 2013; Qin et al. 2016) . However, exposure to fungal spores and their secondary metabolites may cause health risks to not only immunosuppressed patients but also healthy populations, among whom hyper-reactivity to the fungal allergen may develop (Cross 1997; Fischer et al. 1998; Sharma, Dutta and Singh 2010) . In addition, fermentation by molds usually takes a longer time than by bacteria. Therefore, Lactobacillus bacteria, commonly used as feed probiotics, were screened and applied in this study instead of fungi.
TSS contain several components with different structures (Fig. 1) , and no standard of TSS can be obtained on the market. Hence, we could not assay the saponin contents by UPLC with an internal or external standard method. We determined the total saponin content in different fractions by the vanillin colorimetric method, and calculated the content of saponin glucosides and aglycones by their total UPLC peak area ratio after MS analysis. It showed that the saponin content was almost double after fermentation due to the degradation of other materials in TSM. We differentiated the saponins from other components by comparing the retention time (R t ) of each saponin with the R t of known saponins, as well as the m/z values of the fragmentation ions, which were matched with the reported molecular formulas (Morikawa et al. 2007; Varughese et al. 2011; Mroczek et al. 2012; Myose, Warashina and Miyase 2012) . ChemSpider is a free chemical structure database providing fast access to over 58 million structures, and all the structures of the saponin components have been checked and validated by loading the compound data into the ChemSpider database.
The relative ratio of aglycones to total TSS in unfermented TSM was 30.95%. However, it increased to 84.25% after fermentation. It is well known that HA of TSM is dependent on the structure of TSS. The HD 50 of TSM unfermented and fermented by B. subtilis natto did not change significantly (P > 0.05); however, it increased by 4.1-fold when fermented with B. subtilis natto and L. crustorum isolate (1:1). Consequently, we can conclude that the HA reduction of TSS here was possibly correlated to its structural transformation induced by fermentation with L. crustorum isolate. Of course, the contribution of HA reduction should be further determined by collecting all the fractions and assaying the HA of each of them.
